Theoretically, within the diatomic model, there is studied the relative stability of most abundant boron clusters B11, B12, and B13 with planar structures in neutral, positively and negatively charge-states. According to the specific (pet atom) binding energy criterion, B12 + (6.49 eV) is found to be the most stable boron cluster, while B11 -+ B13 + (5.83 eV)
Introduction
Boron-clusters-based nanostructured coating materials due to their super-properties such as lightness, hardness, conductivity, chemically inertness, neutron-absorption, etc. can serve for effective protection against cracking, wear, corrosion, neutron-and electromagnetic-radiations, etc. (e.g. see [1, 2] ). This makes boron clusters Bn, ,... 3 , 2 , 1  n , interesting to be investigated in details.
Summarizing experimental and theoretical data available in the literature on all-boron nanomaterials (e.g. see our overviews on subject [3] [4] [5] ) one can conclude that, according to the specific (per a constituting atom) binding energy  criterion, ultra-small, with 20  n , boron clusters prefer (quasi)planar structures, while at higher n they should be wrapped first into cylinders and then into spheres forming boron nanotubes or boron fullerenes, respectively. In (quasi)planar clusters,  increases with n because of increasing in mean coordination number of constituent atoms. Within the initial approximation, specific binding energy of boron clusters is expected to be almost saturated around 10  n . But, when the polarity deal into the bonding -commonly characteristic of structures of identical atoms with differently coordinated atomic sites -is taken into account there is expected a weak maximum instead. In general features, the experimental mass-spectra fit these theoretical findings. However, formation probability peak is well-pronounced for species B11, B12, and B13. Naturally, such a behavior is related not only to the energy-factor, but mainly to the process kinetics: usually boron clusters are formed by the ablation of elemental boron or boron-rich solid materials, main structural motifs of which are slightly deformed regular icosahedra of boron atoms B12 [6] . Present paper aims the theoretical studying of relative stability of most abundant boron clusters B11, B12, and B13 with (quasi)planar structures in different charge-states. [7] ) and some other teams (see above cited reviews and references therein). But, more vividly these species can be descried based on the diatomic model. It should be noted that such model-based approach provides quite good quantitative results as well.
Method of calculations
The application of the Fermi's old diatomic model [8] to the multi-atomic structures is based on the property of interatomic bonding to be saturated. In the initial, i.e. pair interactions, approximation the binding energy of a structure simply equals to the sum of energies of interactions between neighboring atoms. Based on the pair interactions approximation, microscopic theory of expansion and its generalization to the periodical structures allow correct estimation of the thermal expansion coefficient for number of crystalline substances [9] . Despite its simplicity, the diatomic model is still successfully used to calculate anharmonic effects in solids [10] . An analogous approach was used by us to explain isotopic effects of thermal expansion and melting in all-boron lattices [11] [12] [13] [14] [15] . Suppose that the index n i ,... (1) Here, the factor ½ is introduced to correct the double sum which includes every pair of neighboring atoms twice. We used approximated formula (1) to estimate ground-state binding energy of all-boron nanostructures, mainly, boron nanotubes [16] [17] [18] .
However, clusters are finite structures of atoms and, consequently, coordination numbers of sites at center are higher than that at periphery. This leads to the redistribution of the outer valence shell electrons and, as a result, differences between binding energies of neighboring atomic pairs. Note the report [19] on high-pressure experiments and ab initio evolutionary crystal structure predictions that explore the structural stability of boron under pressure and reveal a partially ionic high-pressure boron phase.
Our formulation of the first approximation to the diatomic model theory takes into account corresponding polarity of the bonds. In case of identical constituent atoms, it is obvious to assume that these electrons between the atoms are divided proportionally to their coordination numbers. This implies that the atoms develop non-zero effective static atomic charges with charge numbers i Z determined from the relation:
respectively. Here V is the total number of the outer valence shell electrons in the atoms constituent cluster.
Thus, the binding energy per atom in the first approximation, i.e. including correction related to the interatomic bonds polarity, is: In [20] [21] [22] [23] , we used relations (2, 3, 4) to estimate effective static atomic charges, dipole moment, and specific binding energy in the boron planar clusters.
Further improvement of this approximation means determination of the equilibrium bond length in the first approximation as well. It can be done by the minimization of the system potentials energy including bond length-dependent vibrational and electrostatic interaction energies [24] .
Within the frame of the diatomic approach, further refinement of the clusters' binding energy and other ground-state parameters can be achieved by abandoning the requirement for equality of all the bond lengths. In [25] ,
we have provided such a general theoretical frame for studying. Finally, we have got a set of linear equations determining not precisely planar, but quasi-planar equilibrium cluster configurations.
Finally, all the above described theory-levels of the diatomic approach are summarized in the mini-review [26] . 
Species studied and results
Because B12 icosahedral clusters are main structural units of structural modifications of boron and boron-rich compounds, here we studied stability of planar boron clusters B11, B12 and B13 with almost the same number of constituent atoms both in neutral-and charges-states.
For Å. Note that this potential was successfully applied to explaining of the above mentioned isotopic effects of boron an also in geometric models for boron nanostructures [28] . As for IP and EA of boron atom, they equal to According to the data presented in the Table 3 
Discussion and conclusions
Before making conclusions based on results obtained by us, we need to discuss shortly the theoretical data available in the literature on B12 cluster isomers stability.
As is known, boron atoms are unique in their strong preference for forming icosahedral structural units. corresponded to an open-shell configuration so that such an isolated cluster would he chemically unstable.
Geometries and electronic structures of the B12
cluster have been investigated using a Car-Parrinello ab initio molecular dynamics simulation [31] . The icosahedral structure was found to be locally stable, but with a few dangling bonds. On annealing or melting this structure rearranges to a more open geometry. The new structure has a significantly lower energy despite a lower coordination. But, bonds are stronger and there are no dangling bonds.
The structure and stability of small boron clusters were investigated employing density functional theory (DFT) [32] . The search for minima was performed using gradient methods at the local spin density (LSD) level.
Most of the final structures prefer planar or quasi-planar forms and can be considered to be fragments of planar or spherical surfaces. A group of spherical boron clusters may exist. However, their energies are generally higher than those of the convex or quasi-planar clusters. This also means that clusters of real bulk sections of the boron lattice, have less stable configurations. They try to close the open spheres with a small number of atoms. In particular, the distorted icosahedral B12 cluster having closed structure has energy by 2.01 -3.28 eV higher than that of the convex B12 structure.
Based on ab initio quantum-chemical methods, accurate calculations on small boron clusters were carried out to determine their electronic and geometric structures [33] . The geometry optimization with a linear search of local minima on the potential-energy surface (PES) was performed using analytical gradients in the framework of the restricted Hartree-Fock SCF approach.
Most clusters have been investigated using DFT [35] . to analyze them was proposed [36] , in which the cluster is partitioned as inner and outer rings. The molecular orbital analysis, based on this fragmentation, reveals that the delocalized valence electrons in B12 and B13 + clusters can be trifurcated leading to triple aromaticity, which is unique to these clusters.
Recently, it was conducted a comprehensive numerical study [37] 
